Introduction
Recently, an improvement in the properties and performance of steels by refining the ferrite grain size down to the one micrometer range has been actively pursued. [1] [2] [3] Even though the heavy deformation of super-cooled austenite followed by accelerated cooling has been generally accepted as an effective way of producing ultrafine grained steels, other approaches that exploit the fine precipitates dispersed at both the grain boundaries and in the matrix as ferrite nucleation sites have also been attempted. [4] [5] [6] Ishikawa et al. 7) showed that vanadium nitride (VN) particles, which precipitated at the austenite grain boundaries, enhance ferrite nucleation and induce a random distribution of the ferrite orientation. Furuhara et al. 8) also showed that the orientation of the intragranular ferrites, which nucleated at the compound precipitates composed of manganese sulfide and vanadium nitride, deviates from the KurdjumovSachs (K-S) orientation relationship. They suggested a method to evaluate the orientation characteristics of the intragranular ferrite grains by comparing the theoretically possible misfit angles between the ferrite grains with the measured values, which can be calculated from the K-S relationship. Recently, Suh et al. 9) proposed a method to evaluate the deviation angle of ferrite from the K-S relationship by an electron backscattered diffraction (EBSD) technique. By measuring the orientation of the ferrite grains that formed at prior austenite grain boundaries and that of the adjacent martensite packets that formed within the austenite grains, the orientation characteristics of the ferrite grains can be evaluated in terms of the deviation angle of the ferrite grains from the K-S relationship.
In this paper, this method was applied to compare the orientation distribution of the ferrite grains nucleated along the austenite grain boundaries in a V-containing steel to that of base steel. The difference in the orientation distribution between the two steels is explained by the nucleation behavior of the ferrites observed by scanning electron microscopy (SEM), transmission electron microscopy (TEM) and EBSD.
Experimental
The chemical compositions of the base low carbon and vanadium steels are given in Table 1 . 0.2 mass% V and 0.01 mass% N were added to the base alloy to investigate the effect of vanadium carbo-nitride on the orientation distribution of the ferrite grains at the austenite grain boundaries. The base steel was heated to 1 100°C and held for 5 min to allow the austenite grain size to grow to 180 mm. It was then cooled to 700°C at a cooling rate of 2°C/s. After a partial transformation of the austenite to ferrite, the specimens were water quenched to room temperature. The 0.2 V steel was heated to 1 200°C and held at 900°C for 30 min during cooling to enhance V(C,N) precipitation. 10) The microstructural characteristics of the transformed ferrite grains and the V(C,N) precipitates were investigated by SEM (JEOL 5600) and TEM (Philips CM20). The chemical compositions of the precipitates were analyzed by energy dispersive spectrometry (EDS) attached to the SEM and the TEM. The orientation distribution of ferrite grains that nucleated along the austenite grain boundaries was evaluated in a SEM (JEOL 6300) equipped with a Link Opal EBSD system. The deviation angle of the ferrite grains from the K-S relationships with the mother austenite phase was calculated using Suh's method. 9) In this method, the orientation of the austenite grains was calculated from the orientation of the martensite packets that formed within the austenite grain after quenching. The ferrite grains that formed at the prior austenite grain boundaries are in contact with two austenite grains. The deviation angles of the ferrite grains were calculated for both of the austenite grains and, of the two calculated deviation angles, the smaller one was chosen as the deviation angle of the ferrite grain from the K-S orientation relationship. For a more detailed description of this method, Ref. 9) should be consulted. In order to investigate the orientation relationships between the ferrite grains and the V(C,N) precipitates as small as 400 nm in size, field emission SEM (JEOL 6500F) equipped with an INCA Crystal EBSD system was used.
Results and Discussion

Morphology of Ferrite Grains Formed at Prior
Austenite Grain Boundaries Figure 1 shows the ferrite grains formed at the prior austenite grain boundaries. In the base steel ( Fig. 1(a) ), the ferrite grains are well aligned and formed only at prior austenite grain boundaries. More or less flat interfaces (arrows) can be observed in many ferrite grains, which suggests a close orientation relationship, the K-S relationship in this case, with the adjacent austenite phase. It can be expected that the flat boundaries are low energy interfaces with a close orientation relationship with the austenite phase and the migration of this low energy interfaces, i.e. the growth of the ferrite grain, will be limited. The coalescence of the neighboring ferrite grains due to the nucleation of the ferrite grains with an almost identical orientation is also expected in this steel. On the other hand, in V-containing steel, the ferrite grains are distributed more irregularly along the grain boundaries than in the base steel. Several ferrite grains can also be observed within the prior austenite grains. This random arrangement of ferrite grains in the V-containing steel is expected to be a result of a weak orientation relationship of the ferrite grains with the austenite phase. Figure 2 shows the calculated deviation angles of the ferrite grains from the K-S relationships with the adjacent austenite grains. In Fig. 2(a) , the ferrite grains show a smaller deviation angle with one austenite grain but a larger deviation angle with the other grain. Comparatively flat boundaries of ferrite grains #2 and #3 show lower deviation angles from the K-S relationship, as expected. Among these two, the lower angle was selected as the deviation angle from the K-S relationships with austenite. In the V-contain- ing steel, there were a large number of ferrite grains which are in agreement with Ishikawa et al. 7) More random nucleation in the ferrite orientation may reduce the extent of grain coalescence and is expected to be mainly responsible for the fine and irregular array of ferrite grains observed in this V-containing steel. The number of ferrite grains per unit length of the austenite grain boundaries in the V-containing steel is approximately four times larger than that in the base steel. The deviation angles of the ferrite grains from the K-S relationships for each ferrite grain are also described in Fig. 2(b) . In general, the calculated deviation angles are larger in the V steel than that in the base steel.
Analysis of Orientation Distribution
The distribution of the deviation angles of the ferrite grains in the base and V-containing steel is compared in Fig. 3 . The orientations of 58 ferrite grains at 14 austenite grain boundaries in the base steel and 86 ferrite grains at 12 austenite grain boundaries in 0.2 V steel were measured by EBSD. If all of the ferrite grains that nucleated at the austenite grain boundaries follow the K-S relationship, the deviation angle will be zero. As can be seen in Fig. 3 , the orientation distribution of the ferrite grains in the base steel shows the highest frequency in between 0°and 5°. In contrast, the highest frequency was observed in the 5°and 10°r ange in the 0.2V steel. The frequency of the ferrite grains deviating more than 10°is much higher in the V containing steel than in the base steel. Figure 4 shows SEM micrographs of the ferrite grains that formed along an austenite grain boundary in 0.2V steel. Ferrite grains are often associated with particles 300-400 nm in size, which were identified as V(C,N) precipitates by EDS analysis (Fig. 4 (b) ). A bright field TEM micrograph of a ferrite grain is shown in Fig. 5(a) and the electron diffraction patterns of the area A and B in Fig. 5(a) are given in Fig. 5(b) . Area A is a ferrite grain and the small particle, B, was identified as V(C,N) (approximately 350 nm in size) by EDS analysis. The analysis of the electron diffraction pattern of area A (ferrite) and B (V (C,N) ) shows that the ferrite grain, which is believed to form at V(C,N), has the Baker-Nutting (B-N) orientation relationship with the V(C,N) precipitate. 4) This orientation relationship was also confirmed by EBSD. Figure 6(a) shows that a V(C,N) particle is in contact with ferrite grains. The result of EBSD analysis on the orientation of the V(C,N) and the ferrite grain (a (Fig.  4(b) ), shows that the a grain has the B-N orientation relationship with the V(C,N) particle,
Effect of V(C,N) Precipitates on the Nucleation of Ferrite
That is, the V(C,N) precipitate is believed to act as a nucleation site for the a grain. Many other experimental results have demonstrated that V(C,N) precipitates at the austenite grain boundaries are associated with ferrite grains, which have the Baker-Nutting relationship with the V(C,N) precipitates. The nucleation of ferrite grains at the interface of the V(C,N) particles is favored in view of the interfacial energy, [11] [12] [13] and the V(C,N) particles act as a favorable nucleation site for ferrite nucleation during cooling. As a result, ferrite grains in the V containing steel deviate more from the K-S orientation relationship with austenite than the base steel.
Furuhara et al. 14) reported that vanadium carbide particles precipitated in the cube-cube orientation relationship with austenite. If that is the case, it is expected that ferrite grains nucleated from vanadium carbide particles will also have the B-N relationship with austenite. Considering that the deviation angle of the B-N relationship from the K-S relationship is approximately 10°, the average deviation angle, 8.2°, of ferrite grains from the K-S relationship in Vadded steel seems consistent with the nucleation of ferrite grains from the V (C,N) precipitates.
Conclusions
The effect of V(C,N) precipitates on the orientation distribution of ferrite grains that formed along the austenite grain boundaries was investigated.
(1) In the base steel, the deviation of the orientation of ferrite grains from the K-S relationship is mostly distributed between 0°and 10°. On the other hand, the deviation angle is relatively spread out to 20°in the 0.2V steel.
(2) The V(C,N) precipitates act as nucleation sites for the ferrite grains in the V-containing steel and are responsible for the increased deviation from the K-S relationship with austenite. This increased randomness in ferrite nucleation inhibits grain coalescence during growth, which results in a finer ferrite grain size in the V-containing steel.
